Summary
IntroductIon
The deformation behaviour of particulate-filled composites is determined by the properties of the matrix polymer and the concentration and size of the filler particles [1, 2] . The particle size governs the shape of the pores formed on separation of particles from the matrix. Close to fine particles, oval pores are formed, and close to coarse particles, microcracks and rhomboidal pores, the transverse growth of which leads to rapid failure of the material under low strains [3] . To prevent the formation of dangerous defects in the production of composites, it is desirable to use particles of small size [3, 4] .
In other studies [5] [6] [7] [8] it has been shown that increase in the test temperature has the same influence on the shape of the defects formed in the material as reduction in the size of the filler particles. As the temperature increased, a transition was observed from the formation of microcracks to rhomboidal pores and then to oval pores. The formation of the latter promotes retention of the plastic properties of composites in a wide range of filler contents, subject to the production of material based on a homogeneously deformed thermoplastic polymer [9, 10] or a polymer during the elongation of which a neck is formed and the engineering tensile strength is higher than the upper yield point [11, 12] .
The aim of the present work was to investigate the effect of elevated temperature on the nature of deformation and the mechanical properties of composites based on polyethylene and rubber particles (plastic rubbers).
EXPErImEntaL
To prepare composite materials, we used high-density polyethylene (PE) of grade 276-73. As the filler, use was made of polydispersed rubber crumbs obtained by the elastic-deformation grinding of waste mechanical rubber goods. The particle size of the rubber was 10-800 µm.
The mixing of polyethylene with rubber particles was conducted in a Brabender internal mixer at a temperature of 170°C for 10 min. The filler concentration V f was varied from 8 to 77 vol% (from 10 to 80 wt%).
From the mixtures obtained, at a temperature of 170°C, sheets of 1 mm thickness were pressed. After holding of the material under pressure for 10 min, the temperature was gradually lowered to 20°C. From the sheets obtained, dumb-bell testpieces with a size of the working part of 5 x 35 mm were cut out.
Mechanical tests of the composites were carried out on an Autograph Shimadzu tensile testing machine equipped with a heating chamber. The test temperature was varied from 20 to 90°C. The accuracy of temperature measurement was ±0.5°C. Before elongation, the specimen was held at the specified temperature for ~5 min. The elongation rate was 20 mm/min. In the work, use was made of engineering stress values, i.e. stresses σ calculated as σ = F/S 0 , where F is the force of elongation and S 0 is the initial cross-section of the specimen. In determination of the degree of drawing at the neck, marks were made on the surface of the working part of the specimen, the distance between which amounted to 2 mm. The distance between the marks was measured as the strain of the specimen increased and the neck advanced.
Microscopic investigations were conducted on a DMW143 digital stereoscopic microscope equipped with a video camera.
rESuLtS and dIScuSSIon
Figure 1 presents typical elongation curves of the matrix polymer. At a temperature of 20°C (curve 1), the polymer is deformed with necking and fails at the stage of reinforcement orientation after propagation of the neck to the entire length of the working part of the specimen. Its tensile strength σ m exceeds the upper yield point σ ym . As the temperature is raised, the form of the deformation curves of PE changes. In the 35-50°C range, on the third section of the elongation diagram corresponding to reinforcement orientation of the polymer, a blurred maximum is observed (curves 2 and 3). At the start of this stage, the stress increases as the strain increases, and then it remains constant and finally decreases. This effect is most pronounced at 35°C (curve 2). At a temperature of 70°C and higher, the stage of reinforcement orientation degenerates, and the polymer fails on neck propagation, and here, starting at a certain strain, the drawing stress at this stage of elongation of the PE decreases (curves 4 to 7). Thus, at 70°C, the strain above which the drawing stress decreases corresponds to 950%, at 85°C it corresponds to 540%, and at 115°C it corresponds to 410%. Consequently, the strain at which the drawing stress starts to decrease in the 70-115°C temperature range depends on the test temperature and decreases when the latter increases.
At elevated temperatures, at the stage of reinforcement orientation of the specimens, two processes are likely to appear and compete. The first of these is reinforcement of the polymer and, as a consequence, growth in stress as the elongation increases. The second is flow (creep) of the PE at the neck on account of slippage of the macromolecular chains in relation to each other. In the latter case, the stress in the specimen decreases with increase in the degree of drawing. The result of the competition between these two processes is the appearance of a blurred maximum on the third section of the elongation curves. At T ≥ 70°C, the second mechanism becomes dominant, as indicated by degeneration of the stage of reinforcement orientation and reduction in stress as the neck propagates, beginning at a certain strain.
To check this hypothesis, the degrees of drawing at the neck l d of the PE at different temperatures were measured. It was established that the values of l d increase as the neck grows. Thus, at 20°C, l d changes from 10 to 12, and here the neck runs the entire length of the working part of the specimen. At 50°C, as the polymer is elongated, the degree of drawing of the neck increases from 10 to 18. Increase in temperature to 75°C promotes a further increase in l d from 16 to 23, and here the specimen fails before the neck can propagate the entire length of the working part of the specimen ( Figure 2, specimen 1) . A similar picture is observed at 90°C (Figure 2 , specimen 2), but at this temperature the degree of drawing at the neck of the PE reaches 30. The results obtained confirm the hypothesis concerning creep of the neck of the polymer at elevated temperatures. It is also worth noting that, with increase in temperature, there is an increase in the width of the transition zone between the elastically deformed part (6) , and 115°C (7) . The arrows mark the measured values of the upper yield point σ ym , the neck drawing stress σ dm , and the tensile strength σ m of the PE and the neck, the boundaries of this region become blurred, and the curvature of the surface of the polymer at the point of necking decreases ( Figure 3 ). This indicates a reduction in the level of overstresses where necking begins. Figure 4 presents the temperature dependences of the main mechanical characteristics of the matrix polymer. The method of their measurement is indicated in Figure 1 . With increase in temperature, the upper yield point σ ym , the drawing stress of the neck or the lower yield point σ dm , and the tensile strength of the polymer σ m decrease, and the height of the flow spike of the PE (the difference between its upper and lower yield points) decreases (Figure 4a ). At T ≥ 70°C, the values of s m become lower than σ dm , which is governed by the use of engineering stress values. The temperature dependence of the elongation at break of the PE e m contains a maximum at 50°C (Figure 4b) . Reduction in the values of e m at T ≥ 50°C indicates a proneness of the investigated polymer to high-temperature embrittlement [13] .
According to the results of earlier studies [4, 11, 13] , the deformation behaviour of particulate-filled polymer composites depends on the ratio of the strength characteristics of the matrix polymer (σ ym , σ dm , σ m ) and on the likelihood of the formation of dangerous rhomboidal defects. The formation of the latter is determined by the size of the filler particles [3] . If their diameter exceeds the critical value D c , then, on separation of the filler in the neck zone, rhomboidal pores are formed close to the particles. On account of transverse growth of these pores, the composite fails under low strains. For the investigated PE, D c at a temperature of 20°C is equal to 74 µm, which is smaller than the size of the particles used in the present work. Consequently, during elongation of the plastic rubber, the formation of rhomboidal defects can be expected. Figure 5 presents the dependence of the elongation at break of the composites e c , obtained at 20°C, on the content of rubber particles V f . The introduction of a small amount of filler leads to a sharp deterioration in the deformability of the system. Thus, whereas for the initial PE e m = 1350%, at a filler content of 2 vol% e c amounts to 7%. The cause of failure at such a low value of e c is the use of coarse rubber particles (with a size greater than D c ) and the formation of a dangerous defect, the transverse opening of which leads to rupture of the composite ( Figure 6 ). In the particle content range V f = 2-36 vol%, the values of e c remain practically constant and do not exceed 20%. With further increase in the filler concentration (V f > 36 vol%), the deformability of the materials increases, which is connected with transition to homogeneous plastic elongation [14] .
A detailed analysis of the influence of temperature on the deformation behaviour of plastic rubbers and their properties will be made for systems containing 8, 36, and 66 vol% elastic particles. At the first filler concentration, the composite undergoes brittle failure, at the second filler concentration the nature of deformation of the plastic rubber changes from brittle to plastically homogeneous elongation, and at the third filler concentration the material is deformed homogeneously ( Figure 5 ). while Figure 8 shows photos of failed specimens. At 20 and 40°C, the plastic rubbers undergo brittle failure ( Figure 7, curves 1 and 2) , i.e. at the initial stage of necking (Figures 8a and b) . Their failure is caused by the formation and transverse growth of rhomboidal pores. At 60°C, on the elongation curve of the composite there is a flow spike ( Figure 7, curve 3) , and the material fails at the stage of neck propagation. Its rupture is also due to transverse growth of rhomboidal pores (Figure 8c) . Necking during elongation of the material and failure at the stage of neck growth are also observed during the testing of specimens at 75 and 90°C ( Figure 7 , curves 4 and 5). However, in the neck region of plastic rubbers deformed at T ≥ 75°C it is not rhomboidal pores that are observed but slit-like defects formed by separation of rubber particles from the matrix polymer (Figure 8d) . The slit-like pores are not dangerous defects, as their development occurs only along the axis of elongation of the specimen [6] . It is evident that transition from rhomboidal to slit-like pores is associated with change in the critical opening of the crack d c in the polymer and the critical particle size D c , the values of which increase with increasing temperature [3] . Consequently, with increase in temperature, in plastic rubbers containing 8 vol% rubber particles there is a change in the shape of the defects formed, i.e. instead of dangerous rhomboidal pores, non-dangerous slit-like pores are formed. This results in transition from brittle rupture to inhomogeneous plastic deformation.
In composites containing no more than 26 vol% rubber particles there is also a change in the nature of deformation and transition from brittle to inhomogeneous plastic elongation with increase in temperature. In contrast to a composite with a filler concentration of 8 vol%, this occurs at higher temperatures ( Figure 9 ).
According to the results of earlier studies [11, 15] , in the absence of dangerous defects, the deformation behaviour of the composites is determined by the properties of the matrix polymer, i.e. by the ratio of its strength parameters σ ym , σ dm , σ m . In the investigated composites, at T ≥ 75°C, dangerous defects are not formed, and the matrix polymer fails at the stage of neck propagation. In this case, brittle rupture of the composites could be expected, i.e. their failure before the upper yield point is reached or at the initial stage of necking [16] . However, at T ≥ 75°C, no brittle rupture of the investigated materials is observed.
In other work [17] , in a study of the deformation behaviour of plastic rubbers based on PE failing at the stage of neck propagation both at 20°C and at 90°C, likewise no brittle failure of the composites was observed at elevated temperatures. Their rupture with V f < 17 vol% occurred at the stage of neck growth. It was suggested that retention of the neck in these materials is due to a combination of two factors. Firstly, reduction in the height of the flow spike of the matrix polymer and reduction in the level of overstresses in the transition zone from the elastically deformed region to the neck. Secondly, growth in the degree of drawing at the neck with increase in temperature and the formation of a fibrillised structure of the matrix polymer at the neck, which prevents transverse growth of the pores formed. These facts lower sharply the sensitivity of the composite to defects and promote neck formation and propagation. Reduction in the flow spike height and growth in the degree of drawing at the neck of the matrix polymer were also observed in the present work. Evidently, these facts predetermined the plastic behaviour of the investigated materials at elevated temperatures, i.e. their failure during neck propagation. Figure 10 presents the appearance of specimens failing at elevated temperatures. At 20°C, plastic rubbers undergo brittle failure ( Figure 7b, curve 1; Figure 10a ). At 40 and 60°C, on the elongation curves of specimens, under a strain of over 17%, a plateau is observed, which indicates their macrohomogeneous plastic deformation, i.e. elongation is accompanied with the formation of shear bands [15] . Rupture occurs on development of the defect formed in one of these bands (Figure 10b) . Consequently, with increase in temperature, in plastic rubber containing 36 vol% rubber particles, transition from brittle to macrohomogeneous elongation occurs. At 75 and 90°C, deformation of the composites is also accompanied with the formation of shear bands which expand as the degree of drawing increases; thinning of the material is observed in these zones, and here transverse narrowing is unpronounced (Figure 10c) . On the elongation curves of the plastic rubbers, at these temperatures, a blurred maximum appears (Figure 7b,  curves 4 and 5) . Rupture of materials is initiated by failure of one of the zones of plastic flow, and here the strain in them is so great that the matrix polymer comprises extended, separated fibres (Figure 10d ). For example, at 75°C, the degree of drawing in the zone of a delocalised neck of the composite reaches 3, and outside this zone it reaches 1.8. On the basis of these results, it can be concluded that, at 75 and 90°C, during elongation of the composite, delocalised necks are formed.
Figure 7b presents elongation curves of composites containing 36 vol% filler, and
Elongation with the formation of delocalised necks is also observed in composites containing 46 and 56 vol% rubber particles, but, in contrast to a less filled system, it occurs at a higher temperature, i.e. at 90°C. Note that, in the 20-75°C range, these plastic rubbers are deformed macrohomogeneously. In the delocalised necks, slit-like defects are formed on account of the separation of rubber particles from the matrix.
Analysis of the elongation and failure of plastic rubbers at 90°C showed that, during the deformation of material with a filler concentration of 56 vol%, only one zone of plastic flow is formed, the rupture of which leads to failure of the material (Figure 10e) . Note that, in less filled systems, several delocalised necks are formed (Figure 10d) . Evidently, the probability of their formation depends on the concentration of the matrix polymer, which decreases with increase in the degree of filling.
Composites containing V f ≥ 66 vol% filler, in the entire range of investigated temperatures, are deformed macrohomogeneously (Figure 6c ). Figure 11 gives the temperature dependences of the strength σ c (a) and elongation at break e c (b) of plastic rubbers with a concentration of particles of 8, 36, and 66 vol%. With increase in temperature, the values of σ c decrease monotonically. The form of the temperature dependences of e c for materials of the analysed compositions is determined by the filler concentration. From 20 to 60°C, the elongation at break of rubber plastics containing 8 vol% filler increases monotonically, and at 75°C a sudden increase in the values of e c is observed (Figure 11b, curve 1) . This is due to transition from brittle failure of the material to rupture on neck propagation. For systems with a concentration of rubber particles of 36 and 66 vol%, the values of e c increase monotonically with increasing temperature (Figure 11b,  curves 2 and 3) .
Generalising the results of investigating the influence of temperature on the deformation behaviour of composites, it can be concluded that, when the temperature is raised, the nature of elongation of plastic rubbers containing no more than 66 vol% rubber particles changes, i.e. at V f ≤ 26 vol% there is a transition from brittle to plastic elongation with neck formation and growth; at 26 < V f ≤ 36 vol% there is a transition from brittle to macrohomogeneous plastic elongation and then to elongation with the formation of local zones of plastic flow; at 36 < V f ≤ 56 vol% only the latter of the given transitions is observed. When V f ≥ 66 vol%, the plastic rubbers are deformed homogeneously, irrespective of the test temperature. Figure 12a gives the concentration dependences of the tensile strength of the plastic rubbers σ c at different temperatures. As the temperature increases, the strength of the composites decreases, which may be due to reduction in the strength of the matrix polymer. The form of the curves of σ c versus V f depends on the test temperature. At 20 and 40°C, in the range 8 ≤ V f ≤ 36 vol%, the experimental results are described by a monotonically decreasing curve, and at V f ≥ 36 vol% by a linear dependence (Figure 12a, curves 1 and 2) . Change in the rate of reduction in the values of σ c with increase in the degree of filling is due to transition from brittle to homogeneous plastic deformation of the composites. At 60°C, in the filler concentration range from 8 to 36 vol%, the tensile strength of the composites hardly changes with increase in the content of rubber particles (Figure 12a, curve 3) . This is possibly connected with failure of materials of the given compositions at the stage of necking. With further increase in the filler concentration, the plastic rubbers begin to be deformed homogeneously, and their tensile strength decreases linearly with increasing V f . At 75 and 90°C, the concentration dependences of the tensile strength of the composites are linear (Figure 12a , curves 4 and 5). The changes described above in the deformation behaviour of plastic rubbers at these temperatures have no influence on the rate of reduction in the values of σ c . It must be pointed out that, at 75 and 90°C, the reduction in the values of σ c in the entire investigated range of filling is negligible. Figure 12b presents concentration dependences of the elongation at break of composites e c at different temperatures. The nature of change in the values of e c with increase in the filler content is determined by the test temperature. Note that the form of the dependences of e c on V f , obtained at temperatures no higher than 75°C, is typical of plastic rubbers in which, with increase in the filler content, there is a transition from brittle failure to macrohomogeneous elongation [15] . Experimental results obtained during the elongation of plastic rubbers at temperatures of 75 and 90°C are described by the same dependence. Its form is different from curves obtained at lower temperatures. With change in V f from 8 to 36 vol%, the deformation properties of the composites decrease monotonically with increase in the content of elastic filler, while further increase in the degree of filling does not lead to any change in the deformability of the materials. The form of the curve describing the experimental results is dictated by the transition from elongation with the formation of a localised neck to deformation with the formation of delocalised necks. In fact, as can be seen from Figure 13 , which presents the elongation curves of composites at 90°C, as the concentration of rubber particles increases, the form of the deformation diagrams changes and there is a transition from elongation with neck formation and growth (curves 1 and 2) to elongation accompanied with the formation of delocalised necks (curve 3), and then to homogeneous elongation of the materials (curve 4).
The transition from elongation with neck formation and growth to elongation accompanied with the formation of delocalised necks can be classed as plastic-plastic. Earlier [11, 12] , a plastic-plastic transition was described with which the deformation behaviour of the composites changed from elongation with necking to homogeneous plastic deformation. Evidently, the transition found in the present work is one of the forms of possible plastic-plastic transitions in particulate-filled composites. In fact, on the basis of the criterion of the previously established plastic-plastic transition [11] (equality of the upper yield point of the composite and its neck drawing stress), it is possible to calculate the filler concentration with which it can occur:
where
Substituting into formula (1) the numerical values of the upper and lower yield points of PE at 90°C (σ ym = 7.4 MPa, σ dm = 4.7 MPa), we obtain 32 vol%. The experimentally obtained value of the concentration of rubber particles practically coincides with the filler content on transition from elongation with necking to deformation with the formation of delocalised necks (V f * = 36 vol%). On the basis of the obtained result, it can be concluded that the condition for occurrence of the latter is equality of the upper yield point of the composite and its neck drawing stress. The formation of delocalised necks is possible if, after the appearance of the first zone of plastic flow, the material in this zone does not fail, and the tensile force is sufficient for the appearance of a further neck at another point of the specimen.
In earlier work [11] it was noted that change in the deformation behaviour of composites from elongation with necking to homogeneous deformation is possible in materials based on a polymer whose tensile strength exceeds its upper yield point, σ m > σ ym . According to the results of the present work, for transition from elongation with necking to deformation with the formation of delocalised necks, the condition σ m > σ ym is not strict, and change in the deformation behaviour of the composite is also possible in a composite based on a polymer failing on neck propagation (σ m < σ ym ). The realisation of this plastic-plastic transition is governed by the formation of non-dangerous slit-like defects, which in turn are formed on account of high degrees of drawing of the matrix polymer at the neck. Their formation prevents embrittlement of the composite at low filler contents.
Thus, with increase in the filler concentration, the occurrence in the composite of plastic-plastic transition from elongation with necking to deformation with the formation of several delocalised necks and then to macrohomogeneous elongation promotes the retention of its plasticity in a wide range of degrees of filling. Deformation with the formation of several delocalised necks is realised in composites based on a polymer failing on neck propagation. The condition for the appearance of a new plastic-plastic transition is a high degree of elongation in the neck and forming slit-like defects. It is evident that the discovered transition is one of the forms of possible plastic-plastic transitions in particulate-filled composites.
rEFErEncES
